The influence of the spatial distribution of trap states on unipolar space-charge limited current ͑SCLC͒ is investigated experimentally and theoretically. Thin-layered films of the small molecule organic semiconductor N , NЈ-di͑1-naphtyl͒-N,NЈ-diphenylbenzidine ͑␣-NPD͒ are vapor deposited on indium tin oxide, with aluminum as the counter electrode. The small molecule 4,4Ј ,4Љ-tris-͓N-͑1-naphtyl͒-N-͑phenylamino͔͒-triphenylamine ͑1-NaphDATA͒, which creates well-known shallow traps for holes, is used as dopant. The realized organic films consist of three layers, one of which is homogeneously doped. The influence of the spatial position of the doped layer on the current-voltage characteristics of the diodes is examined. Compared to an undoped device, the current density is strongly decreased and varies over orders of magnitude for the different spatial positions of the doped layer. It is shown that traps near the injecting electrode have the most pronounced effect on SCLC. A model for unipolar SCLC through a system of homogeneous layers with different trapping parameters for shallow traps is presented. The model quantitatively describes the experimental data and is used to calculate the spatial distributions of the charge-carrier density and the electric-field strength in the differently doped devices.
I. INTRODUCTION
Space-charge limited current ͑SCLC͒ occurs in insulators or semiconductors when injected excess charge carriers, which build up a space charge screening the external electric field, dominate the electric current. Electronic states present in the energy gap of the material will affect the SCLC. The influence of different densities and energy distributions of such trap states on SCLC characteristics have been thoroughly examined theoretically and experimentally.
1-3 However, the common approach that is applied to interpret experimental results assumes a homogeneous spatial distribution of traps.
A number of publications has also dealt with inhomogeneous spatial distributions. [4] [5] [6] [7] [8] However, among the majority of theoretical analyses, only few works correlate experimental data with a theoretical framework. 9, 10 There may exist two main reasons: On the one hand it is complicated to extract the spatial distribution of trap states in a certain device from SCLC analysis, 11 on the other hand it seems difficult to fabricate a device with a specified spatial trap distribution in order to study its effect on SCLC characteristics.
In the present paper the latter task is performed by vapor deposition of thin-layered films of a small molecule organic semiconductor. In this approach a second small molecule can be used as dopant in order to deliberately introduce wellknown shallow trap states. The realized organic films consist of three layers, one of which is homogeneously doped. The influence of the spatial position of the doped layer on the current-voltage ͑J-V͒ characteristics is examined.
In order to analytically describe the experimental results, a model for unipolar SCLC through a system of homogeneous layers with different trapping parameters for shallow traps is presented. The model quantitatively describes the experimental data. It is also used to calculate the spatial distributions of the charge-carrier density and the electric-field strength in the differently doped devices.
II. EXPERIMENT
The schematic cross section of the processed devices is presented in Fig. 1 . The diodes consist of the organic semiconductor sandwiched between indium tin oxide ͑ITO͒ and aluminum electrodes. The organic film had an overall thickness of 210 nm for all samples. The hole transport material N,NЈ-di͑1-naphtyl͒ -N,NЈ-diphenylbenzidine ͑␣-NPD͒ was used as the matrix material. The energy levels for the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ are 5.4 and 2.3 eV, respectively. 12 4,4Ј ,4Љ-tris-͓N-͑1-naphtyl͒-N-͑phenylamino͔͒-triphenylamine ͑1 -NaphDATA͒ was used as the doping material. It is known to create hole traps in ␣-NPD with an energetic depth of approximately 0.5 eV. 13 Three devices were processed, in which a 70-nm layer was doped with 1-NaphDATA. The doped layer was either located directly at the ITO electrode ͑layer 1͒, in the middle of the ␣-NPD film ͑layer 2͒, or directly at the aluminum electrode ͑layer 3͒. Furthermore, a device with an undoped ␣-NPD film of 210-nm thickness was prepared.
The devices were processed by vacuum sublimation of the organic molecules on an ITO-coated glass substrate ͑Merck͒. The 100-nm-thick ITO, serving as the transparent anode, had previously been structured in a photolithographic process. The substrates were cleaned in a detergent solution, rinsed with distilled water, dried in N 2 , and finally kept in an UV-generated ozone atmosphere for 15 min. The organic molecules were deposited in a vacuum chamber at a pressure of 10 −6 mbar. The deposition rate of the matrix material ␣-NPD was 10 Å / s. Doping with 3 vol% 1-NaphDATA in the respective layers was achieved by codeposition of the dopant material at a rate of 0.3 Å / s. Finally, 100-nm aluminum was deposited by thermal evaporation at a rate of 5 Å / s to form the cathode. The resulting diodes have an active area of 10 mm 2 . For measurements the samples were transferred to a nitrogen atmosphere glove box without exposure to ambient air.
The J -V characteristics were measured at room temperature with a Hewlett-Packard parameter analyzer ͑HP 4155A͒. Simultaneously, possible luminescence was detected by means of photodiodes.
III. EXPERIMENTAL RESULTS
Figure 2 displays the measured current-voltage characteristics of the devices in double-logarithmic scale. The shown voltage values are the externally applied voltages corrected by the built-in potential of −0.6 V. The built-in potential is assumed as the difference of the work functions of the electrode materials ͓4.8 eV for ozone-treated ITO ͑Ref. 14͒ and 4.2 eV for aluminum͔. All J -V characteristics enter the SCLC regime and show approximately the same slope for voltages above 1.5 V. Basic SCLC theory 1,2 predicts a slope of two in the double-logarithmic J -V characteristics, whereas a linear fit on the experimental data between 2 and 4 V yields slopes between 2.8 and 3.1. This discrepancy might be explained by uncertainties in the value of the built-in potential. The slopes of the J -V characteristics in the SCLC regime vary substantially when the assumed value for the built-in potential is changed by some tens of a volt. Slopes of approximately two occur in the SCLC regime of the measured J -V characteristics for an assumed built-in potential of −1.4 V. This value is high compared to the given difference of the work functions of the electrode materials, but might be explained by interface dipoles. However, the actual value of the built-in potential is of no importance to the following considerations and calculations, since only the current densities of the different devices will be compared with each other.
In the SCLC regime the doped devices show a current density that is orders of magnitude smaller compared to the undoped device. The regime at voltages below 1 V is presumably controlled by charge carriers introduced by residual impurities in the material. Its interpretation is not the scope of this paper.
The barrier of 1.9 eV for electron injection from aluminum into the LUMO of ␣-NPD is high compared to the barrier of 0.6 eV for hole injection from ITO into the HOMO. Furthermore, ␣-NPD is a hole transport material. For these reasons, the current may be considered to be a unipolar hole current. This assumption is supported by the absence of any electroluminescence for all examined voltages.
The spatial position of the doped layer, i.e., the layer with high trap density, has a significant effect on the J -V characteristics, as shown in Fig. 2 . This effect is substantial: For a voltage of 6 V the current density of the device with the doped layer adjacent to the hole injecting ITO electrode is approximately two orders of magnitude smaller than for the device with the doped layer at the hole collecting aluminum electrode. The current density of the device with the doped layer in the middle of the organic film lies in between the other two J -V characteristics. It seems intuitive that traps located at the injecting electrode lead to a stronger reduction of the current density than those located at the counter electrode, if one keeps in mind that in the case of SCLC the vast majority of injected charge carriers is located near the injecting electrode. 
IV. MODEL
For SCLC in diodes of various geometries with a uniform distribution of shallow traps either in the vicinity of the emitting or the counter electrode, respectively, a theoretical study was presented by Nicolet. 4 However, to reproduce the experimental situation, a model is necessary that comprises at least three layers with different trapping parameters. Therefore, a general expression for SCLC in a system of planar geometry with n layers with different trapping param- 
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eters is derived here. This derivation is presented in some detail, since it yields analytical expressions for the chargecarrier density and the electric-field strength in dependence on the spatial coordinate. These equations will be employed to reveal the different spatial distributions of those quantities in the different devices. The analytical treatment is based on the following assumptions:
͑a͒ unipolar SCLC, ͑b͒ currents due to diffusion and thermally generated charge carriers can be neglected, and ͑c͒ the traps are shallow, only the trap-controlled SCLC regime is accounted for, i.e., only voltages above the ohmic/SCLC transport crossover and below the trapfilled limit are considered.
In the trap-controlled SCLC the trapping parameter is used to describe the ratio between the free charge-carrier density n f ͑x͒ and the total charge-carrier density n͑x͒,
where n t ͑x͒ denotes the trapped charge-carrier density.
In the case of shallow traps considered here, the ͑quasi͒ Fermi level for the holes is energetically at least 2kT below the trap states so that their occupation can be described by Boltzmann statistics. The trapping parameter then is only controlled by the energetic distribution and density of traps, which are assumed to be homogeneously distributed within each single layer.
The dependence of space-charge limited current on voltage and on the material parameters is derived from the expression for the drift current density j j = qn f ͑x͒F͑x͒ = qn͑x͒F͑x͒ ͑ 2͒
and from Poisson's law
where Eq. ͑1͒ has been introduced into Eq. ͑2͒. q is the charge of the charge carriers, the charge-carrier mobility, the relative permittivity of the material, and F the electricfield strength. While and are considered to be identical for all layers, each layer i may have an individual thickness d i and trapping parameter i . The origin of the spatial coordinate x i is at the beginning of each layer i, as can be seen in Fig. 1 .
With the boundary-condition F i 0 = F i ͑x i =0͒, substitution of Eq. ͑2͒ in Eq. ͑3͒ and integration yields
The charge carriers are injected into layer 1 from the electrode at x 1 = 0. As in common SCLC theory, this contact is assumed to be ohmic and therefore the charge-carrier density at x 1 = 0 is infinite. In order to ensure a finite value for the current, this leads to the boundary-condition F 1 0 = 0. For layers i Ͼ 1, however, charge carriers are injected from the backplane of the respective previous layer, where the chargecarrier density has a finite value. The boundary conditions for those layers are obtained from the continuity of the electric field, i.e., by matching the electric-field strength at the interface between two layers:
Integration of Eq. ͑4͒ over the entire layer thickness d i yields the voltage drop over one single layer
The total voltage drop over the entire system of layers is the sum of the voltage drops over the individual layers. The current density is the same in all layers due to the continuity of the electric current. Therefore, summation over all V i , introducing the respective boundary conditions for F i 0 , and solving for j finally yields the j -V dependence for the entire system
To check the validity of Eq. ͑6͒ two limiting cases are considered. Setting i = corresponds to a homogeneous system with the trapping parameter and thickness d = ͚d i . Under these conditions, Eq. ͑6͒ reduces to the well-known formula for trap-controlled SCLC j = ͑9/8͒U 2 / d 3 . With n = 1 and 1 = Eq. ͑6͒ should describe trap-controlled SCLC through a system with just the thickness d 1 . Indeed it yields j = ͑9/8͒U 2 / d 1 3 in this case. In the paper of Sworakowski 5 a spatially dependent trap distribution function was introduced. The result given by Eq. ͑6͒ may also be derived from this approach by defining appropriate step functions for the spatial trap distribution. By solving the expression given by Sworakowski, including double integration of the distribution function, Eq. ͑6͒ is confirmed.
In the conducted experiment the number of layers n =3 and d 1 = d 2 = d 3 . Therefore, with the total thickness d =3d 1 , Eq. ͑6͒ can be written as
͑7͒
Here, j 0 corresponds to SCLC through an undoped system with thickness d, and ⌽, depending only on the i , is the factor by which j 0 is reduced when traps are introduced into the system. The doping of one specific layer can be modeled by setting the respective i = and the other two i = 1. Setting i to unity means that all injected charge carriers are free charge carriers as in the undoped material. 15 The trapping parameter is the same for all doped devices, irrespective of the position of the doped layer, because the energetic distribution and density of the traps are independent of the location of the doped layer. For the three different cases the expressions ⌽ ITO , ⌽ center , and ⌽ Al are obtained as functions of , whereby the subscript denotes the position of the doped layer.
, ͑8͒
.
͑10͒
Equations ͑8͒ and ͑10͒ conform to the results derived by Nicolet 4 for shallow traps in the vicinity of the emitting electrode or the counter electrode, respectively.
Introducing Eq. ͑7͒ to Eqs. ͑4͒ and ͑2͒ leads to expressions for the electric-field strength and the charge-carrier density in dependence on the spatial coordinate x i and the voltage V. Figure 3 shows the plots of ⌽ vs . The closer the doped layer is located to the injecting ITO electrode, the smaller is the factor ⌽. This is in accordance with the experimental results shown in Fig. 2 . The plots converge to unity for = 1, since the influence of traps vanishes.
V. RESULTS AND DISCUSSION
A quantitative comparison between the theoretical and experimental results can be achieved by calculating ⌽ from the experimental J -V characteristics, i.e., the factor by which the current is decreased relatively to the undoped device. For this the current values j of the J -V characteristics of the doped systems are normalized to the current values j 0 of the undoped system. The resulting plots of j / j 0 vs V are depicted in Fig. 4 . For voltages above approximately 1.5 V, which is the voltage regime in which SCLC is actually observed ͑see Fig. 2͒ , the J / j 0 plots indeed settle to a certain level that yields the respective experimentally obtained ⌽. Averaging the data between 2 and 4 V yields ⌽ ITO = 7.5 ϫ 10 −5 , ⌽ center = 4.3ϫ 10 −4 , and ⌽ Al = 3.2ϫ 10 −3 . These values for ⌽ are marked in the corresponding theoretically obtained plots of ⌽ vs shown in Fig. 3 . Since the basis of the model was the assumption that is only dependent on the energetic distribution and density of traps, it should have the same value for all three systems, regardless of where the doped layer is located in the device. In Fig.  3 it can be seen that the experimentally obtained ⌽ values indeed are expressed by the analytic equations using similar values for in all three cases. With Eqs. ͑8͒-͑10͒, the respective values are calculated to be ITO = 0.5ϫ 10 −4 , center = 1.0ϫ 10 −4 , and Al = 1.3ϫ 10 −4 , differing by a factor of 2.6. These values average to 0.9ϫ 10 −4 . This is also in good agreement with a value for obtained from a device that was prepared in the same way as described above, but which was doped homogeneously over the entire film thickness ͑results not shown here͒. In this case ⌽ = and a value of 10 −4 was obtained.
It is instructive to calculate the spatial distribution of the total charge-carrier density and the electric-field strength for the three differently doped devices from the theoretical model. These can be obtained from Eqs. ͑12͒ and ͑11͒, utilizing the respective ⌽ given by Eqs. ͑8͒-͑10͒.
In the case of SCLC through a homogeneous film, the majority of charge carriers is located at the injecting electrode and their density decreases with x −1/2 . In contrast, Fig.  5͑a͒ shows that in all three devices the majority of charge carriers is located in the doped layer, irrespective of its position. Within all layers the charge-carrier density decreases again with x −1/2 . Due to the small trapping parameter of =10 −4 , effectively only the trapped charge carriers contribute to the total charge-carrier density in the doped layers. Thus, even though only one third of each device is doped, the vast majority of injected charge carriers resides in the traps. The distribution of injected charge carriers within the devices is reflected by the spatial distribution of the electricfield strength, which changes considerably only in the respective doped layer. Figure 5͑b͒ shows that the highest field strength occurs in the device, in which the doped layer is located adjacent to the aluminum cathode, whereas the field strength is the smallest in the device with the doped layer at the hole injecting ITO anode. This can explain the deviations of the normalized currents from a constant value at higher voltages that are observed in Fig. 4 . Under the influence of an electric field, the effective depth of a trap can be reduced by the Poole-Frenkel effect ͑see, e.g., Kao and Hwang 2 ͒. A reduction of the trap depth leads to an increase of the ratio between free and total charge carriers and therefore of the trapping parameter . Thus, also the ratio ⌽ between the current density of the doped and the undoped device is not constant anymore but increases at higher voltages. This effect should be most pronounced if the doped layer is adjacent to the Al electrode, since this device exhibits the highest field strength in the doped region for a given voltage. This indeed applies to the experimental data, as can be seen in Fig. 4 . From the comparison of theoretical and experimental results it can be concluded that the analytical solution proposed above for a system comprising differently doped layers is valid and capable to describe such a system in the shallow trap-controlled, unipolar SCLC regime. This could be useful for the modeling of devices in which functional doped layers are introduced into a transport film, e.g., in order to balance electron and hole transport in an organic light-emitting diode ͑OLED͒. The factor ⌽, by which the current decreases, and the spatial distributions of charge-carrier density and electric-field strength can be calculated analytically for any system with homogeneously doped layers, once the trapping parameters of the individual layers are known. Those can be determined by examining single layer devices with the respective parameters.
Furthermore, the application of the presented model is not necessarily limited to systems comprising layers with different trap densities. was defined in Eq. ͑1͒ as the ratio between trapped and total injected charge-carrier density. In this approach, trapped charge carriers do not take part in the transport, while free charge carriers do so with the mobility . One could also assume all injected charge carriers to take part in the transport but with a reduced mobility . In this case is dependent on the average time the charge carriers reside in traps. This would again introduce into Eq. ͑2͒ as before, not via a reduced amount of free charge carriers, but via a reduced mobility, thus leaving the mathematical description of the system and the derivation unchanged. This illustrates that the model can be used for any system of layers with different mobility. Different mobilities do not necessarily have to be due to doping but, for example, can be due to different morphology, degree of order, or due to layers constituted of different materials.
VI. CONCLUSIONS
SCLC measurements on films of organic semiconductors with distinctive spatial distributions of shallow traps are presented. In the investigated devices one third of the organic film-either adjacent to the injecting electrode, in the center of the device, or adjacent to the counter electrode-exhibits a homogeneous high trap density that was realized by doping. Compared to an undoped device, the J -V characteristics show a strong decrease of the current density. They vary over orders of magnitude among the three investigated devices, whereby the current density decreases stronger, the closer the doped layer is located to the injecting electrode. Traps near the injecting electrode have the most pronounced effect on charge transport in SCLC.
An analytical model for unipolar SCLC through a system of homogeneous layers with different trapping parameters for shallow traps is presented, which is also suitable for layers with different mobilities in general. The proposed model results in an analytical expression for the J -V dependence of such a system. The model is able to reproduce the experimental results quantitatively.
The spatial distribution of the charge-carrier density and the electric-field strength is calculated from the model for the three differently doped devices. It is found that the majority of charge carriers resides in trap states, irrespective of the position of the doped layer within the device. The results for the electric-field strength allow one to understand the experimental data in more detail.
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